The impact of climate change on the hydrological regime and water resources in the basin of Venetikos river, in Greece is assessed. A monthly conceptual water balance model was calibrated in this basin using historical hydro meteorological data. This calibrated model was used to estimate runoff under a transient scenario (UKTR) referring to year 2080. The results show that the mean annual runoff, mean winter and summer runoff values, annual maximum and minimum values, as well as, monthly maximum and minimum, will be reduced. Additionally, an increase of potential and actual evapotranspiration was noticed due to temperature increase.
Introduction
Climate change is one of the main factors that influence the hydrological regime. Climate warming observed over the past several decades is consistently associated with changes in a number of components of the hydrological cycle and hydrological systems, such as changing precipitation patterns, intensity and extremes; widespread melting of snow and ice; increasing atmospheric water vapour; increasing evaporation; and changes in soil moisture and runoff. Globally, the increase of temperature has occurred in two steps: the first in the period , and the second in the period 1975-2000. It is believed that the significant increase is mainly related to anthropogenic activities and partly to physical processes. The 1990-2000 decade was the warmest period in the last 1000 years for the northern hemisphere. As far as rainfall is concerned, there is an observed increase in the regions of the middle and higher latitude of the northern hemisphere, but in the largest part of the tropical areas, the conditions are becoming dryer. According to the Inter-governmental Panel of Climate Change [1] , the great increase in the concentration of the greenhouse gases in the atmosphere shall cause increases in the temperature of the planet by 1.7˚C -4.0˚C and the sea level shall rise by 22 -75 cm by the year 2100. Concurrently, the rainfall is expected to increase in most of the tropical regions throughout the year, to reduce in the majority of the subtropical regions and to increase slightly in the larger latitude regions. The rainfall is also expected to decrease in the internal areas of continental regions of the northern hemisphere.
Modelling of climate change and its associated impacts has received a great deal of attention from researchers in a variety of fields [2] - [10] . Considerable consequences are expected in regional hydrological cycles and subsequent effects on regional water resources, agriculture, water and air quality. Climate change experiments performed with GCMs (Global Climate Models or General Circulation Models) can be split into two generic types: Equilibrium Climate change experiments that were performed with atmosphere only GCMs in order to simulate the equilibrium response of the climate system to an instantaneous increase of the atmospheric carbon dioxide concentration. These experiments could only be performed to simulate short periods (e.g. 10 years). The other type is the Transient Climate change experiments (such as UKTR; United Kingdom Transient Run) that are performed with coupled ocean-atmosphere and, more recently, coupled ocean-atmosphere-biosphere GCMs. The results of these experiments can be fixed to calendar years (http://www.cru.uea.ac.uk/cru/info/modelcc/).
The attribution of climate change to global precipitation is uncertain, since precipitation is strongly influenced by large scale patterns of natural variability. A number of model studies suggest that changes in radiative forcing (from combined anthropogenic, volcanic and solar sources) have played a part in observed trends in mean precipitation. Theoretical considerations suggest that the influence of increasing greenhouse gases on mean precipitation may be difficult to detect. Precipitation changes predicted from climate models depend heavily on the simulations of present-day precipitation, which have many deficiencies. Additionally, there still remains uncertainty about both the magnitude and timing of the hydrological impacts that have already occurred or may occur. It is important to investigate and confirm the associated impacts on the hydrological regime that are related to climate change through an analysis of hydrological records [11] . Detecting changes in the hydrological regime that might be related to climate change is complicated by the inherent variability and randomness in all hydrological variables. However, the uncertainties are not so severe to invalidate the results. It is important to attempt to quantify change as soon as possible so that resulting problems can be addressed in advance. The extreme conditions of flood and drought are of particular concern since it is possible that, although there is only a small shift in average conditions, there may be larger, more significant changes in the extremes. Coping with increased flood magnitudes or reduced low flows may require long-term planning and be very costly [12] . This paper is focused on the detection and quantification of the hydrological impacts of climate change at the catchment scale. The work and findings presented are restricted within the context of regional climate impacts on different forms of water resources, such as surface runoff. Data from a transient experiment (UKTR) using the high resolution coupled ocean-atmosphere GCM of the Hadley Centre for the decade 66 -75 with a climate sensitivity of 2.5˚ and assuming no sulphate aerosol effect corresponding to the year 2080 [13] have been used in this paper. The aforementioned data were applied in the Venetikos river basin in northern Greece through the use of a conceptual water balance model, which has been used for the assessment of the regional hydrological effects of climate change.
Study Region and Data Used
The study area is the Venetikos basin (Figure 1) , a mountainous subcatchment of Ilarion basin, located in northern Greece. General characteristics of the basin are given in Table 1 . The river basin has a drainage area of 818 km 2 included precipitation, snow, evaporation, wind velocity, relative humidity, sunshine duration and temperature values. Precipitation data from a number of raingauge recording stations was used. Monthly areal precipitation was calculated by using the well-known Thiessen polygon method and corrected on the basis of a precipitation-elevation relationship. Temperature monthly values were obtained for each station and an average lapse rate B i of monthly temperatures was estimated over the period of operation and for each month by associating the mean monthly temperature of each station with its elevation. A relation was established between the mean temperature of the stations of the basin T s,ij (˚C) and the mean temperature at the mean elevation of the basin T b,ij (˚C), as follows:
where i denotes months and j denotes years, and H b , H s (in meters) are the mean elevations of basin and stations, respectively. Values for the mean monthly air temperature of the basin T b are used directly in the water balance model for dividing precipitation into rain and/or snow, as well as in the snow melting algorithm. The mean monthly evapotranspiration, which is a direct input to the water balance model, is computed from field data according to the Blaney-Griddle and the Penman methods.
Methodology
Climate change scenarios reflecting future global increases in greenhouse gas concentrations constructed for Europe (including Greece), at 0.5˚ latitude/longitude resolution by the Climatic Research Unit (CRU) of the University of East Anglia, England (Hadley Centre, 1995) were used in this study. The methodology adopted used the constructed by the CRU 1961-90 baseline climatologies for Europe, the results from the GCM climate change experiment (UKTR) and a range of proportions of global warming calculated by MAGICC (Model for the Assessment of Greenhouse gas Induced Climate Change), a simple up welling-diffusion energy balance climate model [13] . The resulting climate change fields were applied to the baseline climatology presenting the 30-year period 1961-90. The fields include rainfall R (in % change), temperature T (in ˚C change) and potential evapotranspiration PE (in % change) [11] . Specifically, two scenarios were developed concerning the potential evapotranspiration, thus, PE1 representing change in potential evapotranspiration from a change in temperature only, and PE2 representing change in potential evapotranspiration from changes in radiation, humidity and windspeed. The transient experiment using the high resolution coupled ocean-atmosphere GCM of the Hadley Centre, UKTR, gave climate change scenarios for the decade 66 -75 with a climate sensitivity of 2.5˚, assuming no sulphate aerosol effect corresponding to the year 2080.
Concisely, the process that was followed consists of the main steps given below: • Application of the gridded historical data sets on transient climate scenario led to GCM output of the variables precipitation, temperature and evapotranspiration for the year 2080. The output grid resolution is 3.75˚ × 2.5˚ and the results are expressed in change of the above mentioned variables.
• Interpolation of the GCM output to 0.50 × 0.50 from the original GCM resolution (3.750 × 2.50 UKTR) and determination of a weighting coefficient for each cell.
• Estimation of the monthly surface value of precipitation, temperature and evapotranspiration of the year 2080 by multiplying the weighting coefficient of each cell with the respective value of change.
• Production of synthetic series (from 1990 up to 2080) of precipitation, temperature and potential evapotranspiration, which was based on the historical data (base run) and on the climate change scenario.
• Calibration of the water balance model. The Nash-Sutcliffe coefficient of efficiency was used as a criterion to monitor the accuracy of the calibration. The model outputs are the basin runoff and the soil moisture. The results based on transient scenario were extracted from the gridded historical global data sets that include variables such as precipitation, temperature, windspeed, sunshine hours, vapour pressure and rain day frequencies, which were acquired by and processed at the Climatic Research Unit. The GCM output of the variables precipitation, temperature and evapotranspiration was interpolated to 0.5˚ × 0.5˚ from the original GCM resolution (3.75˚ × 2.5˚ UKTR) for the application of the climate change scenarios. The cell of 3.75˚ × 2.5˚ was divided into five cells of 0.5˚ × 0.5˚ towards the 2.5˚ dimension and to seven cells towards the 3.75˚ dimension. The rest 0.25˚ of the initial 3.75˚ cell was assigned the value of the sum of the two adjusted 3.75˚ × 2.5˚ cells, divided by two. The precipitation, temperature and evapotranspiration values were estimated by using the provided original gridded data and through the appropriate use of a weighting coefficient associated with each grid constituting the basin. The code number of each cell is calculated based on the longitude and latitude of the south west corner of the cell through the use of the following relation: Code = ((longitude + 180.0) × 100000.0) + ((latitude + 90.0) × 10.0) [13] .
It should be mentioned that the obligations of Greece under the UNFCC Convention are being fulfilled jointly with the other EU member states. For Greece, the agreed figure was a realistic objective to restrict the overall increase of CO 2 up to +15% ± 3% by 2000 compared to 1990 levels, which was achieved based on the proposed initiated scenario. The 'Burden Sharing Agreement', which was finalized during the Environment Council of the EU in June 1998, proposes that Greece reduces the emissions of the six GH gases for the period 2008-2012 by +25% compared to the 1990 levels [14] . It was also decided to reduce emissions of the six gases to the atmosphere in 2020 by 20%. This shall be achieved by the implementation of a National Programme (http://www.minenv.gr/4/41/e4100.html), whose progress of implementation must be reported annually to the European Union Monitoring Mechanism. To achieve harmonization of the reported data and enable direct comparisons across sectors and between different countries all emission estimates should be reported following the methodology suggested by the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories [15] .
Water Balance Model
The water balance model was utilised for the assessment of the climate change effects on the surface runoff of the study region, as described in previous publications [16] - [18] . It is a physically based water balance model, which operates on a monthly time step.
The input parameters which were used for the calibration of the conceptual water balance model are the maximum soil moisture parameter, the watershed lag coefficient, the groundwater reservoir coefficient, the temperature parameters (lower T 0 and upper T 1 thresholds), the minimum rain content coefficient, the melt-rate factor and the storm runoff coefficient [19] .
More specifically, the maximum soil moisture is a basin average of the moisture holding capacity of upper soil zone. The watershed lag coefficient is the parameter applied on the water surplus in order to yield the amount of water that will eventually flow to the river course within a month, after having fulfilled the requirements of evapotranspiration and soil moisture replenishment, while the groundwater reservoir coefficient is the rate of outflow from the groundwater storage to the river course, considered to occur with a lag of one month. A simple snow melting subroutine based on temperature thresholds, minimum rain content coefficient and a melt-rate factor was applied for the calculation of the snow melt values. Particularly, the model estimates the rain and snow from the total precipitation according to monthly average basin temperature and to the temperature thresholds (T 0 and T 1 ). Below the temperature T 0 the snow content of areal precipitation reaches a maximum, between T 0 and T 1 it is linearly dependent on temperature and above T 1 precipitation falls entirely as rain [16] . The snow-tank, which is the amount of the accumulated snow at the end of each month, and the snow melt, which is the quantity of snow melting each month, are calculated through the use of the snow melting subroutine. However, it should be mentioned that due to the monthly time scale of the model (values of mean monthly temperatures are used), the produced values of snow are underestimated. A daily based model would have produced more realistic snow, snow-tank and snow melt values. Finally, the storm runoff coefficient determines how much of the water falling as rain flows directly as storm runoff before any other processes take place. This parameter depends on the month of the year therefore, twelve values were determined.
The final values of the input parameters were derived during the calibration phase of the model and were used in the application of the model with the climate change scenario. Outputs of the model are the basin runoff and the soil moisture values. The soil moisture is the quantity of water held in the aeration zone, which can supply water for evapotranspiration when the surface water does not suffice. The Nash coefficient was used as a criterion regarding the accuracy of the calibration. The calibration was performed twice, firstly by incorporating the Blaney-Criddle method and secondly by incorporating the Penman one, which was initially suggested to be applied, for the calculation of the potential evapotranspiration. Since the values of the Nash parameters obtained in the first case were higher than the values obtained in the second case, the Blaney-Criddle method was selected and used for the application of the model. Furthermore, runs of the water balance model were also conducted using the proposed by the CRU scenarios PE1 and PE2, regarding the potential evapotranspiration, as mentioned previously. It was found that the runoff values, which were estimated by using the scenarios PE1 and PE2 did not significantly differ from the ones, where the Blaney-Criddle method was applied simultaneously with the precipitation and temperature scenarios and therefore the Blaney-Criddle method was finally used for the application of the model.
Results
In order to apply the climate change scenarios to the hydrometeorological data, synthetic series (from 1990 up to 2080) of precipitation, temperature and potential evapotranspiration based on the historical data, were produced. Two stochastic autoregressive models AR(1) and AR(2) were applied to the historical data (30 year period) and the test Portmanteau was used as a the criterion to check their efficiency in each case. Finally, 50 synthetic series of each variable were generated in order to be used as inputs in the water balance model with or without the scenarios.
During the next phase of work, the constructed by the CRU 1961-90 baseline data (0.5˚ latitude/longitude resolution) of precipitation, temperature and potential evapotranspiration (12 mean monthly values) were compared to the mean monthly historical data in order to determine the reference base for scenario application. The mean historical data were used instead of the baseline data since the observed differences were not so significant. The climate change scenarios were finally applied to the hydrometeorological generated series by correcting each of their monthly value using a linear interpolation between the generated values and the corresponding mean monthly historical values.
For comparison reasons, Figure 2 presents the constructed by the CRU mean monthly values of precipitation, temperature and potential evapotranspiration for 1961-90, as well as the equivalent mean values of the historical observed climatological data. From this comparison, it occurred that the winter temperature was slightly underestimated, while potential evapotranspiration was overestimated. Therefore, it was decided that for accuracy reasons due to catchment scale, the mean historical data should be used instead of the baseline climatology since the observed differences were not so significant. The climate change scenarios were finally applied to the hydrometeorological generated series by correcting each of their monthly value using a linear interpolation between the generated values and the corresponding mean monthly historical values. Runs of the water balance model in order to estimate possible future runoffs for all time steps, using the already generated hydrometeorological data and considering zero climate change (no application of climate change scenarios), are referred to as base runs and were used for comparison purposes. The selection of the base runs as a basis of comparison was made for uniformity reasons and it was accepted since each base run was found to be similar to the historical record. Figures 3 and 4 depict the mean monthly runoff values and the mean monthly actual evapotranspiration, estimated by the PE1, PE2 and the Blaney-Criddle method. One can notice slight differences among the three cases, justifying thus the use of the Blaney-Criddle method for all base runs.
In order to make optimal use of all produced results, several hydrological indicators were selected and compared such as mean annual runoff, mean monthly runoff, mean annual maximum and minimum runoff values. From Table 2 , referring to the abovementioned period 1990-2080, it is seen that reduction of the mean annual runoff values would occur in all cases, as well as serious reduction of summer runoff, while the wet period is shifted towards December resulting in prolongation of the dry period. The mean annual potential evapotranspiration values would eventually increase due to temperature increases. Figure 5 shows the estimated mean monthly runoff values (mm) of the basin for the period 1990-2080, resulting from the above procedure. A reduction in the mean monthly runoff is observed, especially in the winter months. The mean actual evapotranspiration is shown in Figure 6 , in which a substantial increase is observed all year except for the summer months. The temperature increase results in reduction of snow accumulation and decrease of spring runoff values and soil moisture. The annual runoff and the summer annual runoff are depicted in Figures 7 and 8 . It was found that the mean annual runoff in the transient scenario will be reduced by 22% compared to the base run scenario, while the mean summer runoff by 13% respectively.
Conclusions
The basic conclusions drawn from this research are concentrated on the following: • A monthly physically based water balance model was applied in a mountainous basin for the assessment of the climate change effects on the surface runoff of the study region.
• The Blaney-Criddle method was used, since its simultaneous application with the precipitation and temperature scenarios did not differ from the proposed by CRU scenarios PE1 and PE2.
• The mean annual, mean winter and mean summer runoff values were decreased compared to the base run scenario for 21.9%, 23.5% and 13% respectively, while the potential evapotranspiration was increased for 20.4%, resulting in a reduction of soil moisture.
• The wet period was shifted towards December resulting in severe prolongation of the dry period.
• Due to the monthly time scale of the model (values of mean monthly temperatures are used), the produced values of snow are underestimated. A daily based model would have produced more realistic snow, snowtank and snow melt values. The impact of climate change on the hydrological regime and the water resources in the Venetikos basin should be taken seriously into consideration for the design of hydraulic projects in the area. A reduction of the mean annual runoff and the prolongation of the dry period could severely affect the regional economy, since it is mainly based on agriculture and pastoral farming.
